We consider the observable effects of CP-violating anomalous ZZh interaction arising from gauge invariant dimension-6 operators at the Large Hadron Collider (LHC), with the purpose of distinguishing them from not only the standard model effects but also those of CP-even anomalous interactions of similar nature. The postulation of a gauge invariant origin makes various couplings of this kind interrelated. The updated constraints from the LHC as well as limits from neutron and electron dipole moments are used in selecting the benchmark interaction strengths. We use some asymmetry parameters that have no contribution from standard or CP-even anomalous interactions. Parton showering and detector level simulation is included to make our analysis as realistic as possible. On the whole, we conclude that gauge invariant interaction of strength ≥ 40/TeV 2 can be successfully isolated using integrated luminosities in the 1.5-3.0 ab −1 range.
Introduction
As results from the high energy run of the Large Hadron Collider (LHC) start arriving, interest in probing any non-standard behavior of the scalar with mass around 125-126 GeV [1, 2] remains ever-alive. To keep the flame on, departure from the pattern of its interactions as laid down in the standard model (SM) is still allowed, though not imperatively, by the (7+8) TeV data. On the other hand, issues ranging from the naturalness of the Higgs mass to the question of vacuum stability continue to nudge theorists even after Higgs discovery. Therefore, it is both legitimate and well-motivated to enquire if the high energy run can reveal some non-standard interactions of the particle which, in all fairness, can be called 'a Higgs boson'. Some such investigations in relation to CP-violating ZZh coupling are reported here.
A rather general approach is to consider effective interactions of the Higgs, without committing oneself to any specific theoretical model. In this spirit, many studies have taken place over the years, probing higher-dimensional W W h and ZZh interactions, often taking them in isolation and predicting observable phenomena in terms of the new operators . It is, however, worthwhile to obtain these interactions in terms of gauge invariant higher-dimensional operators [57] [58] [59] [60] [61] [62] . This is primarily because these operators can arise, if at all, by integrating out hitherto unseen new physics, and such physics, ruling above the electroweak symmetry breaking scale, must by default be SU (2) L × U (1) Y invariant. Also, the W W h, ZZh, γγh and γZh interaction terms ensuing from such gauge invariant operators are correlated, and this correlation percolates into observed phenomena involving Higgs production as well as decay. A detailed inventory as well as a large mass of work already exists on CP-even operators of this kind and their constraints and consequences. Systematic studies on their CP-odd counterparts are relatively sparse, and perhaps less exhaustive. However, the very observation of the baryon asymmetry in the universe strongly suggests some source of CP-violation over and above what is manifested in the Cabibbo-Kobayashi-Maskawa scheme of the SM. A bottom-up investigation of CP-odd couplings of the recently discovered scalar is therefore as well-founded as one on their CP-even counterparts.
In general, there are five each of CP-even and-odd operators of dimension-6 involving V V h interactions. Coefficients of the latter are subject to rather strong constraints from the limits on the electric dipole moments (EDM) of the neutron and the electron and also from the upper bounds on Hg EDM [63, 64] , in addition to global fits of collider data (including those from the LHC) that constrain the CP-even operators as well. Arguably a detailed study of these constraints on the CP-violating operators was presented in the reference [65] . It is, however, possible to generalize the study even further. First, the constraints from EDM are rather tight on individual operators which tend to get very strongly correlated if there are two or three of them present at a time. On the other hand, taking them together along with other dimension-6 operators constructed out of the fermion fields and the Higgs doublet [57, 58] , which can potentially contribute to fermion EDMs, can relax such correlations considerably, and one can end up with large values of the effective V V h couplings that potentially contribute to collider observables. Moreover, once we introduce the gauge invariant effective interaction terms, the simultaneous existence of several of them is the general expectation, unless some specific symmetries are invoked to forbid some of them. Secondly, global fits of collider data can yield less stringent constraints if CP-odd and-even operators are all present simultaneously, mainly due the sheer proliferation of parameters (which nonetheless should be there in the general effective theory). On the other hand, it is only natural to expect operators of both kinds of a given dimensionality to exist, in the absence of any forbidding principle.
To further elaborate on the second issue mentioned above, we need to identify some observables, mostly defined in terms of asymmetries, which subtract out the effect of CP-even operators, while keeping substantial separation between the CP-odd ones with the standard model predictions including their uncertainties. This is accomplished in the present work, allowing in principle the existence of all CP-odd and-even gauge invariant dimension-6 operators. The points we emphasize in particular are as follows:
• Constraints from collider as well as EDM limits are listed in terms of the effective V V h couplings, though they can arise from all possible operators at the same time.
• The contributions of the CP-even operators to the suggested asymmetries at the LHC lie within the 1σ error-bars of the SM, while the CP-odd ones are shown to lead to values that steer clear of these error-bars over extended regions of the parameter space.
• The prediction of observable asymmetries is based on detailed event generation, including showering, jet formation and detector simulation, thus leading to realistic estimates of what can be observed.
• Our 'realistic' predictions of CP-violating asymmetries and suppression of the effects of CPeven operators are presented for various luminosities, giving an idea of the luminosity required to obtain useful conclusions.
• Correlated interactions arising due to the gauge-invariant nature of the parent operators are always taken into account, taking, for example, the γZh and γγh couplings arising concomitantly from the dimension-6 operators (and thus competing favorably with their loop-induced SM counterparts).
A resume of the CP-odd dimension-6 operators as well as their current limits is given in section 2. In section 3 we discuss the observables which elicit the presence of CP-violating operators and help distinguish them from the SM and the corresponding CP-even counterparts. The role of asymmetries constructed from the kinematic distributions of such observables is also discussed. We summarize and conclude in section 4.
CP-odd anomalous couplings and their constraints
The set of CP-violating gauge-Higgs operators of dimension-6 that we have considered in our analysis [65] is listed below :
Here Λ is the cut-off scale above which the high scale physics sets in. For the purpose of this study Λ is taken to be 1 TeV. Since for the LHC observables,f i/Λ 2 (i = B, W, W W etc. ) is the effective parameter that gets constrained, the global fit constraints can be predicted for any value of Λ, with the constraints on the parametersf i's being appropriately scaled. However, for the constraints coming from EDM measurements, one finds that EDMs have an explicit cut-off dependence other than the one coming via the parametersf i/Λ 2 . This dependence coming from loop contributions is logarithmic in nature [65] . However, all five of these CP-violating operators are not independent, and are related by the following constraint equations, which arise from using the SM equations of motion: 1
The above set of constraints in Eq. 2 entails only three of the five operators in Eq. 1 to be independent of each other. For the purpose of our study we takeÕ B ,Õ W andÕ W W to be comprising an independent set of CP-violating gauge-Higgs operators. These operators give rise to the CP-odd V V h interaction vertices of following form,
where V = W, Z, γ. The coefficientsC V V h denote the effective coupling strengths of CP-odd V V h couplings and, are listed in Table 1 . The V V h interaction vertices arising from corresponding CP-even operators are derived in Ref. [62] . Our aim in the present work is to include scenarios where both CP-odd and-even operators are present, and to discriminate between them via appropriately defined asymmetry parameters. We demonstrate this by turning on the CP-even operator,
which contributes to all the V V h vertices. The additional interaction terms thus playing a role in our analysis have the following form [62] 
The coupling strengths of CP-even V V h couplings are given by
which are similar to the corresponding CP-odd couplings receiving contributions fromÕ W W operator.
In [65] we derived limits on the parameters of the CP-odd operators using the collider data (from LEP and LHC) and measurements of electron and neutron EDMs. These limits were obtained taking mainly two parameters (2P) and three parameters (3P) nonzero at a time. The limits on parameters were further used to constrain the effective CP-odd V V h couplings which are listed in Table 2 .
As has been already stated, these constraints can get relaxed when we keep a linearly independent set of CP-violating gauge-Higgs operators to be non-zero at the same time along with the other fermion-Higgs dimension-6 operators (which contribute to fermionic EDMs), and also include at least some of their CP-conserving counterparts. Such operators can be obtained directly by extending those listed in [58] , Table 2 . While the CP-violating ones contribute to EDMs, they do not affect the phenomenology of V V h interactions. The consequent enlargement of the parameter space, however, relaxes the otherwise stringent constraints from EDMs.
The allowed values of the coefficients of the dimension-6 operators apparently threaten per-
at scales of the order of few TeV. The exact value of this scale depends on the specific choice of the operators involved and the corresponding anomalous couplings they generate [66, 67] . However, the effective operators are not reliable at such scales. There one has to include the actual heavy fields of mass O(Λ) (for weakly coupled ultraviolet completion), which are integrated out to obtain the effective coupling terms. These additional degrees of freedom are trusted to restore unitarity when the full theory is switched on. In the context of the study presented here, the range ofC ZZh is varied upto O(70). Even though
Coupling
Effective coupling strength
Wf W W Table 1 : CP-odd V V h coupling factors and their effective strengths in terms of operator coefficients
C ZZh is varied upto this range, the effective coupling parameter that will decide the perturbativity of the loop expanson is given by [36] ,b
Here, v = 246 GeV is the Higgs vacuum expectation value. Thus even forC ZZh O(70),b O(1) and the loop expansion in terms ofb remains perturbative.
3 Isolating the effect of CP-odd couplings
In any elementary particle scattering process, the size and shape of certain kinematic distributions involving leptons and jets can change non-trivially with respect to the purely standard model prediction in the presence of both CP-odd and-even higher dimensional operators. Some of these have been studied mostly in purely phenomenological formulations, i.e., without working in terms of gauge invariant dimension-6 operators or without performing a realistic simulation of events ( [8, 11, 12, 19, 28, 31, 32, 34, 38, 39] ). For generic observables like p T and rapidity distributions which are affected by both CP-even as well as CP-odd couplings, it may not be possible to separate the effect of the two couplings with sufficient statistical significance. In other words, for values of anomalous couplings, consistent with the available experimental data, it would require analysing a huge amount of data/events to confirm the effect of CP-odd couplings on top of the effect of CPeven couplings using generic observables. Therefore, it is more economical to work with observables which are unambiguously sensitive to the definite CP-propertry of the couplings.
In the present work, we are interested in CP-odd observables. The CP-odd observables can be categorised asT -even orT -odd type 2 . Unlike theT -even observables which require a nonzero absorptive/unitary phase to quantify the CP-violation, theT -odd observables do not require 2T is the naive time reversal transformation that flips the sign of the particle spin and momenta, without interchanging the initial and final states. Table 2 : Limits on CP-odd coupling strengths from LHC data and EDM measurements for Λ=1 TeV. 2P and 3P stand for two parameter nonzero and three parameter nonzero cases respectively.
any absorptive phase and can be calculated at tree-level. The triple cross products constructed using the particle momenta/spin in a given process can serve asT -odd observables; thus they need not be driven by any absorptive phase. A non-zero expectation value of such a CP-odd and T -odd observable would imply CP-violation at the Lagrangian level [68] . In practice, we work with asymmetries, constructed out of such observables, which are unlikely to be faked by the SM or other CP-even couplings via statistical fluctuation. In this section, we quantitatively establish such characteristics of the chosen observables after a realistic simulation of a suitable process at the LHC.
Signal and backgrounds
With the above considerations in view, we take up the analysis of the process, pp → Zh → ℓ + ℓ − bb with ℓ = e, µ. We consider the decay of Higgs to bb final state to ensure sufficient event rates. The final state is required to have two opposite sign leptons and exactly two b-tagged jets. The protonproton collisions are simulated at the center-of-mass energy of 14 TeV. In presence of dimension-6 operators, this process also receives contribution from a tree-level diagram involving γZh vertex, which is not present in the SM. Thus there is an interference of the two s−channel diagrams involving the ZZh and γZh vertices at the amplitude level. This is because the same gauge-Higgs operators that give rise to the anomalous C ZZh coupling also give rise to the C γZh interaction [ Table 1 ]. Throughout our analysis we consider M h = 126 GeV. We implement the anomalous couplings in Madgraph [69] using the package FeynRules [70] . The cross sections are calculated using nn23lo1 [71] parton distribution functions with default settings for renormalization and factorization scales. While the parton level events are generated in Madgraph, the Pythia [72] switch is turned on to incorporate showering, hadronisation and initial and final state radiation (ISR/FSR) effects. The HEP file obtained from this interfacing is passed to Delphes-3.1.2 [73] which gives a ROOT [74] file as output. Jets are formed using the anti-kt algorithm in Delphes with a cone size of 0.6. A p T dependent tagging efficiency is employed for b-jets, namely, 0.7-0.5 for p T in the range 20-500 GeV. We also use a mis-tagging efficiency of 0.001 for light jets and a p T dependent mis-tagging efficiency for c-induced jets, which varies from 0.14-0.08 for 20 < p T < 500 GeV. The ROOT file thus obtained is fed to the analysis code to generate the distributions.
We start with following basic cuts on the transverse momentum, rapidity and separation of leptons (ℓ) and jets (J), where J = j, b; j being the light quark jets and b corresponds to the b-induced jets.
1. p T J,ℓ > 20 GeV and |η J,ℓ | < 2.5 : We demand that our final state leptons and jets should lie in the central rapidity region each with a minimum transverse momentum of 20 GeV.
2. ∆R JJ,Jℓ > 0.4 : We demand that both the jets should be well separated from each other as well as from leptons.
3. ∆R ℓℓ > 0.2 : There will be sufficiently large opening angle between the two leptons.
The SM cross section for the signal after the generation level cuts is 12.4 fb. The major background to the signal comes from the following SM processes:
To suppress the above sources of the background, we employ the following additional selection cuts :
The p T of the reconstructed Z boson is taken to be > 150 GeV
The asymmetrical cut on the invariant mass of the two b-tagged jets (M JJ ) in the final state around the peak ( approximately 116 GeV) is helpful in suppressing backgrounds from pp → bb ℓ + ℓ − and pp → Z ℓ + ℓ − → bb ℓ + ℓ − processes. We have taken such a window for the invariant mass of the two b-tagged jets because owing to the effects of hadronisation and showering, the peak of the invariant mass distribution shifts from M h to about 116 GeV. Thus we gain in terms of signal events by choosing such an invariant mass cut. Further, requiring exactly two b-tagged jets in the final state significantly reduces the background coming from pp → jj ℓ + ℓ − .
In order to suppress the tt backgrounds, use has been made of the fact that our signal events are hermetic in the ideal situation. In contrast, similar final states from the tt background will be necessarily associated with missing-E T . Thus we propose to distinguish the signal by demanding E T < 20 GeV [36] . Moreover, no missing-p T pointing centrally is ensured by choosing | ✁ η| > 2.5, where ✁ η stands for the polar direction of the transverse momentum imbalance.
Observables
Next, we discuss two CP-odd,T -odd quantities used in the rest of the analysis to isolate the effect of CP-odd couplings from the CP-even ones. These observables are constructed using the 3-momentum information of the final state particles. The first one , also discussed in Refs. [35, 36] is given by,
Here p + and p − are the 3-momenta of ℓ + and ℓ − respectively, andẑ is the unit vector along the incoming quark(or anti-quark) direction or the collision axis. The factor sign[( p + − p − ).ẑ] is the sign of the difference of the momentum projections of the outgoing leptons along theẑ axis.
Since the dot product with theẑ unit vector occurs twice in the definition of the observable, the observable is rendered independent of the choice of the direction of the incoming quark momentum. This is important in the context of LHC, as there is ambiguity associated with the momentum direction of the initial quark with respect to which proton it is from. The definition of O 1 removes this ambiguity and makes it uniquely measurable. The second observable that we consider uses p j 1 and p j 2 , the three-momenta of the two b-tagged jets in addition to the oppositely signed leptons in the final state and is given as:
These observables are CP-odd andT -odd, and thus generated from the dispersive part of the amplitude. It should also be noted that, since the in-state partons from the two colliding proton beams do not always carry equal momenta, the lab frame and the center of mass (cm) frame for the colliding partons are in general different. Thus, except for the cm frame i.e. when the two initial partons come with the same x-value, where p j 1 + p j 2 + p + + p − = 0, the observables O 1 and O 2 are distinct. Also, due to the showering effects, an exact momentum balance between the final state b-jets and leptons does not hold true. The difference in the observables is evident from their distributions. By definition, each of them ranges from -1.0 to +1.0.
The distinguishability of the CP-odd operators is quantified more effectively in terms of the asymmetries A i defined as:
We show in Figs. 1 and 2 histograms of the differential cross section distributions corresponding to observables O 1 and O 2 respectively. In both the figures, to tune in the CP-even Lagrangian, we have taken the benchmark value f W W = −3.0 [75] which corresponds to C ZZh = 4.62 and C γZh = 2.53. As for the CP-odd terms, we take the benchmark point asf B =f W = −30.77 such thatC ZZh = 40.0 andC γZh = 0.0 [ Table 1 ]. Both of these benchmarks are consistent with existing constraints [65, 75] . The histograms in the two figures are indicative of the induced asymmetry in the distributions for both O 1 and O 2 when the CP-violating coupling is turned on. It is important to note that unlike total rates and other CP-even observables which depend on CP-odd couplings quadratically, a comparison of distributions from second and third panel confirms that these observables have linear dependence onC ZZh coupling in the numerator of the expression for the asymmetry [Eq. 10 ]. The qualitative features of the histograms remain similar when theC γZh coupling is also taken to be non-zero and interference effects of bothC ZZh and C γZh couplings are considered. 
Asymmetries vs couplings
To assess the possibility of seeing the signatures of CP-violating physics in isolation, we need to calculate the statistical significance at which one can establish the existence of non-vanishing asymmetry over and above the CP-conserving effects coming from the SM background. If N S is the number of signal events and N B the number of background events, then the observed asymmetry A obs i , corresponding to observable O i at the detector is related to the theoretical asymmetry in the signal distribution i.e. A i , given in Eq. (10) by the following relation:
The statistical error in the observed asymmetry is given by,
where N = N S + N B is the total number of signal and background events. Using the above information, the significance S, associated with an observed asymmetry is given by [39] , With this in mind, we plot the variation of the asymmetry against the value of the coupling parameterC ZZh as shown in Figures 3 to 6. Figures 3 and 4 show the variation of asymmetry for observables O 1 and O 2 respectively. For both of them we varyC ZZh keepingC γZh = 0.0, wheres Figures 5 and 6 show the asymmetry plots for the same observables, although this time we fix theC γZh coupling at 1.5. For each of the Figures 3 to 6 we present the error bars on the asymmetries for the various benchmark points. We have not included any specific values of systematic uncertainties which can in principle change the asymmetries by a few percent. Our calculations yield near vanishing asymmetry for SM and CP-even cases, which are consistent with zero within 0.5σ for the chosen integrated luminosities. Looking at Figures 3 to 6 one can infer that the statistical significance improves as we go from a luminosity reach of 1 ab −1 to 3 ab −1 . For example, in Fig. 3 , we see that forC ZZh = 40.0, the sensitivity improves from 2σ to about 4σ in going from 1 ab −1 to 3 ab −1 . Another important feature to notice is that the asymmetry does not monotonically increase as we increase the magnitude of the coupling parameter. This is due to the fact that for higher values of couplings, the higher order terms, i.e. beyond the interference term linear inC ZZh , become influential. This is corroborated by the marginal decrease in the asymmetry curve beyondC ZZh = 40.0 in Figures 3 and 4 . The analysis done here agrees at the parton level to the work presented in [36] , but once we fold in the ISR/FSR and detector effects, the statistical significance gets lowered in comparison to what one gets for the parton level analysis. 
Summary and Conclusions
We have looked for experimentally realizing the effects of CP-violating operators that arise from gauge-invariant dimension-6 V V h couplings. Values of the couplings consistent with electric dipole moments as well as global fits of the LHC data are taken. We have studied higgstrahlung process (pp → Zh) in presence of both CP-even and CP-odd couplings. We have included effects of parton showers and also factored in detector simulation, to make our estimates as realistic as possible. The presence of non vanishing asymmetries over and above the statistical errors is seen as the litmus test for testing the presence of CP-violating new physics. To this end, we have shown that for SM and CP-conserving dimension-6 operators, observables which are both CP andT odd do not yield any asymmetry in their kinematic distributions. But the presence of CP-violating gaugeHiggs operators is seen to give rise to non-vanishing asymmetries for such observables, thus clearly demarcating the presence of CP-violating high scale physics. We have been able to show that for a benchmark value ofC ZZh = 40.0, asymmetry can be established at about 4σ level with 3 ab −1 in the 14 TeV run of the LHC.
